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TECHNICAL MEMORANDUM X-64559 

0 TRANS lENT METH 
TY OF PARTI 

SUMMARY 

In the continuous line source theory as described by Carslaw and 
Jaegar [I J , the temperature at some point in a homogeneous medium is re- 
lated t o  the properties of the medium, the distance from the source of heat, and 
the t ime after onset of heater power. If the temperature is measured at a 
known distance from the source a s  a function of time, the thermal properties 
of the medium can be determined. This procedure has been used extensively 
to  investigate the thermal properties of particulate media in vacuum [ 2 ,  31. 
In an effort to  extend the utility of the method, Merril l  further developed the 
theory and instrumentation into a more useful form [ 41 A comparison of the 
former method, Line Source method (LS) , and the one developed by Merrill,  
Differentiated Line Source method (DLS) , has been made and the results and 
conclusions are given herein. 

Both the LS and DLS methods a r e  transient ones in which, when certain 
pretest conditions are met, heat is introduced into a sample with a heater wire, 
and a thermocouple is used as the temperature sensor.  In both, the thermo- 
couple output is related to the thermal conductivity of the sample, but in dif- 
ferent ways. 

For  the comparison tests, the samples were placed in  the vacuum 
chamber and were not changed or  disturbed between the two series. The dif- 
ferences in procedure lie in the handling of the signal and data outside the 
sample chamber. A l l  measuring instrumentation is common to both methods, 
with the exception of the added circuitry of the DLS. Since the sample is the 
same in both cases,  this means, of course, that theoretically the conductivities 
measured should be identical, 



The criteria upon which this comparison is based are the following: 
( i) apparatus required, (2) pretest conditions, ( 3 )  data reduction, (4) time 
comparison, ( 5) heater voltage effects, and ( 6) consistency of results. 

The apparatus required by the LS is shown in Figure I. The sample is 
placed in a copper sample holder which is in a vacuum chamber. The sample 
holder has a network of channels in its walls s o  temperature control fluids can 
be circulated to  control the initial temperature of the sample. The heater 
source and detector wires a re  constantan and iron-constantan and are 0.025 mm 
in diameter. A test is initiated by supplying voltage to  the heater wire from 
the power supply. The voltage and current a r e  monitored with the meters  and 
are recorded. The rise in thermocouple voltage is detected and recorded on the 
s t r ip  chart  recorder.  The K-3 potentiometer is used to  read initial and final 
temperatures e The data reduction procedure will be described later. 

Figure 2 shows the circuitry for the DLS. It is apparent that the appa- 
ratus is the same except for the addition of another amplifier and an RC dif- 
ferentiating circuit which has a 6.8-msec time constant. Instead of printing 
out thermocouple voltage, the recorder  prints the t ime differential of the volt- 
age increase,  which is directly related to  the time differential of the tempera- 
ture rise. 

The theory of both methods is based on certain assumptions or  ideal 
conditions which can be only approximated. Both methods assume an infinitely 
large, homogeneous and isotropic sample, and heater and thermocouple wires 
of an infinitely large length to diameter ratio. The validity of the results are 
determined by how well these conditions are approached. However, for the 
purposes of this comparison, since the same sample and wires are used in 
both cases,  the e r r o r s  should be similar.  (There may be slight differences 
since, for example, effects such as axial heat losses in the wires do not act 
over the same time periods in the two test methods. ) 

A crit ical  pretest condition that differs between the methods concerns 
initial sample temperature control. In the LS, the sample temperature must 
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be constant before initiation of a test. If this condition is not satisfied, the 
experimenter will not be able to measure the true effect of the power input 
from the heater alone upon the sample's temperature rise, and this will result 
in an e r r o r  in the calculated thermal conductivity. 

In the DLS, the initial temperature of the sample may change, but if so ,  
it must change at  a near linear rate. This is because in the DLS it is the time 
differential that is recorded, and if the sample temperature changes at a near 
linear rate, the time differential will be constant (as it would be if the sample 
temperature were constant) . 

This relaxation in temperature control requirement has some very 
important practical results. It eliminates the need for sample temperature 
control systems. Control systems for temperatures below room temperature 
and at cryogenic temperatures require significant instrumentation and are a 
major undertaking in themselves. This is the reason that the data points shown 
later are taken only at one point below room temperature for the Ls. The low 
temperature tests were obtained by constantly circulating liquid nitrogen 
through the sample holder and letting the sample come to its minimum tempera- 
ture about 120°K. This means that the thermal conductivity function must be 
interpolated over a large range of temperatures, from 120°K to  room tempera- 
.ture. By contrast, in the DLS, the sample temperature is lowered with liquid 
nitrogen to  its minimum temperature and several  DLS tests are taken. Then 
the LN2 flow is shut off and the sample temperature begins t o  rise slowly to 
room temperature. Over the short  t ime period of a DLS test (200 seconds), 
the temperature change is considered to  be at a near constant ra te  and many 
DLS tests can be run between 120°K and room temperature. 

DATA REDUCT ON PROCEDOR 

There are several ways to  evaluate an LS test, but the "curve matching 
method" which uses a graphical solution was selected by A. D. Little, Inc. 
and A i r  Force Cambridge Research Laboratories a s  the most reliable method 
in their  extensive thermal measuring programs. The method is fully described 
in one of their  contractor reports [ 51 

The basic equation for the temperature, T ,  at a distance, r, from a 
continuous line source is 
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In this expression, a! is the thermal diffusivity of the sample, t is the time 
after onset of heater power, q is the input power per  unit length of the heater 
wire (and is equal t o  VI/l, the heater wire voltage and current divided by the 
heater wire length), and K is the thermal conductivity. In the curve matching 
method one solves for T when E. [ -rz/( 4 a! t ) ]  = I. This is done by plotting 

the test data as the logarithm of temperature versus the logarithm of time on 
a transparent overlay (Fig. 3a) e This experimental curve is placed over a 
graph of In - E. ( -  l/x) versus In x [where x=  (4 (Y t)/r2], (Fig, 3b), 

and is shifted along both axes until it gives the best match with the curve. The 
value for T is read off the experimental curve where it crosses  the -E. [ -l/x] 

curve at unity. This value of T is called T:: . Substituting this into equation 
( I) and solving for K yields 

1 

1 

1 

and conductivity can be calculated. 

The primary cause of e r r o r  in this method of data reduction is that the 
curve matching process is a subjective one, subject t o  differences, depending 
on the persons doing the data reduction. Consequently, the curves are matched 
several  times, and an average T>: is selected. 

In the D U ,  temperature is differentiated with respect to  time. Thus, 
equation ( I )  becomes 

-- dT - +  - q e x p ( 2 )  
dt 47r Kt 4a t  (3) 

This equation is solved by finding the maximum value of dT/dt and the cor- 
responding time at which the maximum occurs, t . Then solving for 

conductivity, 
m 

cl K =  
4se(=) dt m t m 
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The relationship between dT/dt 

dt n - RC a 100 

and its maximum value e is 
cm 

( 5) 

This relationship takes into account n, the thermoelectric coefficient; RC, 
the time constant of the differentiating circuit; and S, and S2, the ranges of 
the microvolt amplifiers. Merr i l l  then found that the time t ,  , o r  one-half of 

the time it takes to reach e could be read from the data chart more 
cm’ 

precisely than t e So he determined the relationship t = 0.37337 t e 

m 2 

Consequently, 

- 
2 

m - 

0.37337V - I n RC 100 
4 ~ 1  - SI.  S2 - e e a t, K =  

cm 

In a test, V and I are measured; 1, Si, S2, and RC a re  known constants; 
and n, which varies with temperature, is found in standard tables. The only 
variables a r e  e and t ,, where e is the difference between the initial 

cm 
and maximum voltages on the chart and t, is the time it takes to  reach one- 

half of e 

recorder,  there are no subjective estimates as those in the curve matching 
method. 

- 
2 cm 

- 
2 

Since all the values a re  known or can be found directly from the cm 

When comparing the two methods, the time consumed by each is of 
great significance. The times given in the following comparison a r e  approxi- 
mate because they vary somewhat with conditions such a s  sample conductivity 
and temperature. The t ims comparison of the output curves from the two 
systems is shown in Figure 4. Sar t  A shows the temperature rise in the I8 
method. It takes approximately I to  I 1/2 hours to run an Is test to get enough 
points for a good curve match with the In - E, (-l/x) versus In (x) curve. 

It takes another 1 1/2 hours to evaluate the test and calculate the thermal con- 
ductivity because the thermocouple voltages must be read from the recorder 

1 
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chart in intervals of i to  2 minutes, converted into temperatures, and plotted 
on log-log graph paper suitable for the curve matching. Since the temperature 
must be constant before a new test can begin, approximately 5 hours must be 
allowed between tests. Since the data evaluation may be concurrent with the 
time period between tests, one may obtain 2 LS data points in approximately 
8 hours. 

A DLS test takes a maximum of 5 minutes to run and 10 minutes to 
evaluate since there a r e  only two values which a re  to be read from the chart, 
e The dotted portion of the curve in part B shows the DLS output if 

the heater were left on. The temperature of the samples is still increasing as 
in the LS, but at an ever decreasing rate.  Therefore, the DLS output would 
continue to decrease. In practice, the experimenter turns the heater power 
off to terminate the tes t  once he has determined that the maximum value of 
dT/dt has been reached, Since the heater is on for only approximately 200 
seconds during the test, the temperature rise of the sample is not a s  high as in  
the LS, generally one-half to one-fourth. This, coupled with the fact that one 
does not have to wait for a constant sample temperature greatly reduces the 
time between tests. Many more data points ( 7  to 10) may be obtained during 
an 8-hour period with the DLS. 

and t - ern 2 

S 

In determining thermal conductivity a s  a function of temperature, it 
is desirable that the sample temperature rise be a s  small  a s  possible during 
a specific test. The practice has been to  plot the conductivity a t  the average 
temperature of the initial and final temperatures of the test and to assume that 
the conductivity function of the samples is linear over increments of about 10 
degrees. To get small  temperature changes and small  axial heat losses, the 
minimal heater wire  voltages that a r e  feasible a r e  used. In the IS, good 
tests have been obtained with i to  2 volts. Over the long t imes of the LS tests, 
this usually gives temperature rises of 5 to 10 degrees for room temperature 
tests. Attempts to use small  voltages with the DLS produced an interesting 
result. Significant scatter in the data points resulted when using voltages less 
than 2,8 volts; so the effects of different heater voltages on the D 
vestigated. These results a r e  shown in Figure 5. The scatter decreased as 
the heater voltage was increased. The agreement of the data points using 3 . 5  
volts is quite good. However, most of our work was done using 2.8 volts 
which gives temperature r ises  of from i to 3 degrees over the relatively short 
times of the DLS. 
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The higher voltages in the DLS give a faster temperature rise than in  
the LS, which may be significant for samples having different diffusivities and 
heat capacities, but with these test samples, it caused little disagreement be- 
tween the two methods. This effect is one which should be investigated further 
on a f fe ren t  sample materials 

Spherical glass particles of two size distributions, 30 to 38 pm and 
590 to 840 pm in diameter, were used as test samples. The results of the two 
test series a r e  shown in Figures 6 and 7. The smaller  particles were meas- 
ured as a function of temperature over a range of 120°K to 373°K. The low 
temperature tests were obtained by constantly circulatingliquidnitrogen through 
the sample holder coils. The sample reached a minimal temperature of 120°K 
and tests were run using both test methods. When the liquid nitrogen flow was 
shut off, the temperature rose slowly enough to be considered a constant rate 
over short periods of time. Therefore, DLS tests could be run until the sample 
reached room temperature. However, since for the LS tests the pretest tem- 
perature must be unchanging, and since a cryogenic sample temperature con- 
t rol  system is not available, no IS tests were possible in this temperature re- 
gime. In Figure 6, Watson's equation for thermal conductivity of a particulate 
material  in vacuum, K= A d- BT3 [ 61, has been curve fitted to the data points. 
K is the thermal conductivity, T, absolute temperature, and A and B are 
constants. It is evident that the DLS generally gives slightly lower conduc- 
tivities than the LS. It is also seen from the curves that the difference be- 
tween the two methods is somewhat greater  at the high temperatures. At  
120°K the DLS gives a conductivity value which is 88 percent of the IS value 
and at 370°K the figure is 82 percent. This may or may not be a real result. 
It is possible that at the higher temperatures, radiation effects are more 
prominent in the long-term tests. However, the effect may be apparent only, 
because of the paucity of data points for t 
all,  the scatter in the DLS is slightly les but the agree- 
ment is good, generally. The estimated e r r o r  for both methods was f 10 
percent 

peratures e Over- 

The 590 to  840 pm particles were run only a t  room temperatures 
(Fig. 7) In this figure, only DLS tests that had at least 2 . 5  volts applied 
across  the heater wire  are used. In this case, the agreement is excellent. 
A l l  test values are given in Tables I through 4. 
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From these results, it is concluded that the Differentiated Line Source 
method provides test data that is comparable to the Line Source 
is much easier  and faster to employ, 

N c 

The comparison of the DLS and the E3 is summarized a s  follows: 

I a The DLS requires more instrumentation, an additional amplifier, 
and a differentiating circuit. 

2. The DLS does not require a stable temperature to  initiate a test., 
This eliminates the need for sample temperature control systems. 

3. Using the DLS, tests may be taken a s  the sample temperature is 
rising slowly from liquid nitrogen temperature to room temperature. This 
eliminates the necessity of extrapolating the conductivity function over this 
large range. 

4. Using the DLS much less time is required to  run a test, usually 
about 5 minutes compared to about 90 minutes for the LS. 

5. The sample temperature rise is less for the DLS, usually about 
one-half to one-fourth of the temperature rise for the LS. 

6. Data reduction time is less for the DLS, on the order of 10 minutes 
a s  compared to 90 minutes for the LS. The need for curve matching is 
eliminated 

7. The advantages’of reduced test4ime and data reduction time, 
coupled with the fact that the sample temperature rise is usually not as high 
in the DLS, combine to enable the experimenter to  take about 10 DLS tests 
in the time of 2 LS tests in an 8-hour day. More data points result in better 
curve fits. 

8. Test  data from the two methods agree very well. The DLS gives 
slightly lower conductivity values for the small particles tested. The difference 
between the two methods seems to be smaller at low temperatures than at  
high temperatures. The agreement in the large particle tests at  room tem- 
perature is excellent. 

8 



TABLE I. MEASURED CONDUCTIVITY - DLS TESTS WITH SPHERICAL 
GLASS PARTICLES 30 t o  38 pm I N  DIAMETER 

Temper at ure 
(OK) 

122 

124 

128 

130 

147 

159 

162 

I 7 6  

181 

I 8 7  

195 

I 9 6  

200 

202 

206 

2 06 

210 

2 12 

220 

221 

229 

230 

235 

2 43 

2 43 

rhermal  Conductivity 
( I 0-5 W/cm K) 

0.72 

0.77 

0.59 

0.66 

0.71 

0.99 

0.87 

0.85 

0.94 

0.93 

0.83 

0.99 

I. 27 

I. 08 

I. 38 

I. 31 

I. 13 

I. 06 

I. 26 

1.12 

I. 13 

I. 2 1  

I. 17 

I. 25 

I. 49 

Temperature 
(" K) 

2 45 

2 48 

251 

251 

254 

257 

257 

258 

260 

264 

264 

268 

268 

271 

271 

2 73 

2 75 

278 

281 

284 

2 84 

2 87 

2 92 

2 92 

2 93 

rhermal Conductivity 
( w/cm O K )  

I. 47 

I. 41 

I. 30 

I. 35 

I. 48 

I. 39 

I. 42 

1.30 

I. 3 4  

I. 36 

I. 43 

I. 42 

I. 53 

I. 67 

I. 45 

I. 36 

I. 40 

I. 39 

I. 51 

I. 43 

I. 63 

I. 87 

I. 66 

I. 70 

I. 72 
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TABLE I (Concluded) 
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TABLE 2. MEASURED CONDUCTIVITY - LS TESTS WITH SPHERICAL 
GLASS PARTICLES 30 to 38 pm IN DIAMETER 

Temperature 
(OK) 

118 

118 

120 

2 96 

2 96 

2 96 

297 

2 97 

2 97 

2 97 

2 97 

2 97 

2 97 

2 97 

2 98 

299 

299 

Thermal Conductivity 
( I Om5 W/cm O K) 

0.93 

0.99 

I. 10 

I. 95 

2.03 

2.25 

I. 91 

I. 98 

2.05 

2.07 

2.09 

2.13 

2.26 

2.35 

2.09 

2.01 

2.58 

'\ 

Temperature 
(OK) 

307 

307 

307 

308 

336 

336 

337 

36 7 

368 

36 8 

369 

36 9 

3 71 

371 

371 

371 

rhermal Conductivity 
( iow5 w/cm OK)  

I. 98 

2.02 

2.51 

2.02 

2.22 

2.42 

2.22 

34 56 

3.10 

3.40 

2.99 

3.30 

2.99 

3.32 

3.54 

3.59 



TABLE 3. MEASURED CONDUCTIVITY - DLS TESTS WITH SPHERICAL 
GLASS PARTICLES 590 to 840 prn IN DIAMETER 

12 



TABLE 4. MEASURED CONDUCTIVITY - LS TESTS WITH SPHERICAL 
GLASS PARTICLES 590 to 840 pm I N  DIAMETER 

Temperature 
(" K) 

297 

2 98 

2 98 

298 

299 

299 

299 

rhermal Conductivity 
( I O m 5  W/cm OK) 

8.32 

8.62 

8.69 

9.33 

8.15 

8.34 

9.39 

13 
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